Neural stem cells (NSCs) delivered intraventricularly may be therapeutic for diffuse white matter pathology after traumatic brain injury (TBI). To test this concept, NSCs isolated from adult mouse subventricular zone (SVZ) were transplanted into the lateral ventricle of adult mice at two weeks post-TBI followed by analysis at four weeks post-TBI. We examined Sonic hedgehog (Shh) signaling as a candidate mechanism by which transplanted NSCs may regulate neuroregeneration and/or neuroinflammation responses of endogenous cells. Mouse fluorescent reporter lines were generated to enable in vivo genetic labeling of cells actively transcribing Shh or Gli1 after transplantation and/or TBI. Gli1 transcription is an effective readout for canonical Shh signaling. In Shh CreERT2 ;R26tdTomato mice, Shh was primarily expressed in neurons and was not upregulated in reactive astrocytes or microglia after TBI. Corroborating results in Gli1 CreERT2 ;R26tdTomato host mice demonstrated Shh signaling was not upregulated in the corpus callosum, even after TBI or NSC transplantation. Transplanted NSC expressed Shh in vivo but did not increase Gli1 labeling of host SVZ cells. Importantly, NSC transplantation significantly reduced reactive astrogliosis and microglial/macrophage activation in the corpus callosum after TBI. Therefore, intraventricular NSC transplantation after TBI significantly attenuated neuroinflammation, but did not activate host Shh signaling via Gli1 transcription.
INTRODUCTION
Transplantation of stem cells into specific locations in the central nervous system (CNS) parenchyma may be the most appropriate approach for testing restorative cell therapies for focal lesions, such as stroke or Parkinson's disease. However, diffuse injuries such as traumatic brain injury (TBI) may require approaches that can reach broader regions. Diffuse axonal injury in white matter tracts is the most common pathological feature of TBI [1, 2] . TBI patients often suffer long term disability [3] , and no effective therapies are available to prevent the progression of white matter pathology [4, 5] . Therefore, potential therapeutics must be developed to ameliorate the progression of pathology and promote repair following diffuse axonal injury from TBI.
NSCs transplanted within the ventricular system may interact dynamically with endogenous cells to attenuate neuroinflammation, which contributes to a cascade of secondary damage in white matter tracts. Neural stem cell (NSC) transplantation also has the potential to enhance regeneration of damaged tissue directly by replacing lost cells, and/or indirectly through the synthesis of signaling factors that stimulate regenerative responses of endogenous cells in the host tissue [6] . Multipotent NSCs reside in the adult subventricular zone (SVZ) and are maintained by Sonic hedgehog (Shh) signaling [7-10]. Isolated NSCs can synthesize Shh in vitro after differentiation [11] . Thus, NSC transplantation may be a means to increase Shh signaling.
Shh signaling and NSC transplantation have each been reported to be immunomodulatory and to promote endogenous cell repair in the corpus callosum in experimental demyelination [12] [13] [14] [15] .
However, it is presently unknown whether intraventricular NSC transplantation can modulate neuroinflammation or neuroregeneration after TBI. Additionally, approaches to demonstrate in vivo activation of the Shh pathway have not been used to examine this potential mechanism of NSC interaction with endogenous cells.
To address these research gaps, we used a model of experimental TBI to examine the effects of intraventricular transplantation of adult NSCs on the endogenous NSC response in the SVZ and neuroinflammation in the corpus callosum. This impact model produces traumatic axonal injury in the white matter with degenerating axons dispersed among intact axons [16] [17] [18] .
The white matter pathology is similar to diffuse axonal injury in TBI patients, but is primarily in the corpus callosum over the lateral ventricles. Importantly, axon damage and neuroinflammation (reactive astrocytes and microglia/macrophages), persist in the corpus callosum out to 6 weeks post-TBI [18] . This region of pathology in the corpus callosum is adjacent to the SVZ, and thus facilitates analysis of the regenerative response of endogenous cells in the host SVZ [16, 17] .
For potential clinical relevance to future autologous NSC transplantation strategies, our experimental design used intraventricular transplantation of a low dose of adult NSCs at two weeks after TBI. Analysis of the beneficial effects of NSC transplantation included both modulation of neuroinflammation and stimulation of SVZ neuroregeneration, which are each responses that can be regulated by Shh signaling. Shh CreERT2 and Gli1 CreERT2 mice were each crossed to reporter lines for inducible genetic in vivo labeling of cells synthesizing or responding to Shh, respectively. These studies broadly examine the potential for adult NSCs transplanted into the lateral ventricles to influence endogenous cells in the adjacent white matter and SVZ regions after TBI, and specifically examine the regulatory mechanism of signaling through the Shh pathway.
MATERIALS and METHODS
Mice were housed and cared for in accordance with the guidelines of the National Institutes of Health and the Institutional Animal Care and Use Committee of the Uniformed Services University of the Health Sciences.
Inducible Genetic In Vivo Labeling of Cells Synthesizing or Responding to Shh
Mouse lines were purchased from Jackson Laboratories (Bar Harbor, ME) with information for each line listed in the supplemental materials Table S1 . Mouse conditional driver lines, Shh CreERT2 (Shh tm2(cre/ERT2)Cjt /J), or Gli1 CreERT2 (Gli1 tm3(cre/ESR1)Alj /J), were previously shown to match mRNA transcript expression for inducible genetic labeling of cells expressing Shh [19] or cells responding to Shh signaling [20] , respectively. Shh CreERT2 mice exhibit reporter labeling consistent with Shh expression and substantially reduce or eliminate Shh expression when crossed to mice with floxed Shh alleles [21] . Gli1 CreERT2 mice exhibit reporter labeling consistent with Gli1 expression detected by in situ hybridization [21] , or using Gli1-nLacZ mice [22] . The R26YFP reporter mice (B6.129X1-Gt(ROSA)26Sor tm1(EYFP)Cos /J) and the R26tdTomato reporter mice (B6.Cg-Gt(ROSA)26 Sortm14(CAG-tdTomato)Hze/ J), respectively, contain the yellow fluorescent protein (YFP) or tdTomato fluorescent protein (Tom) reporter genes downstream of a floxed stop codon [23, 24] . The R26mT/mG reporter mice (B6.129(Cg)-Gt(ROSA)26Sor tm4(ACTB-tdTomato,-EGFP)Luo /J) ubiquitously express membrane-targeted tdTomato (mT) that switches to expression of membrane-targeted enhanced green fluorescent protein (mG) after Cre-mediated recombination [25] . Gli1 CreERT2 mice were crossed to either R26YFP or R26tdTomato mice. Shh CreERT2 were crossed to either R26tdTomato or R26mT/mG mice. Firstgeneration crosses were used for experimental procedures. To induce nuclear translocation for Cre-mediated recombination, 10 mg of tamoxifen (TMX; Sigma, St. Louis, MO) in corn oil was administered by oral gavage daily on days 2 and 3 after injury or NSC transplant [17] .
Generation and Characterization of Adult NSCs
NSCs were isolated from the SVZ of 8-10 week old mice and maintained as neurospheres, as in previously published protocols [26, 27] . For NSC isolation, the dissected brain was cut into 1 mm coronal slices. The SVZ was dissected and enzymatically digested using the Neural Tissue Dissociation Kit (P) (Miltenyi Biotec Inc., San Diego, CA), followed by mechanical dissociation. Cells isolated from each mouse were plated in 10 ml of mouse Technologies) . Cells were cultured at 37°C with 5% CO2. Following the first passage, cells were dissociated to a single cell suspension in 0.025% Trypsin-EDTA (Invitrogen, Carlsbad, CA) and reseeded in culture medium at 1 × 10 5 cells/ml. Neurospheres from each isolation were cryopreserved at passage two in F12/DMEM (ThermoFisher) with 15% dimethylsulfoxide (DMSO, ATCC). Cells were resurrected at least 2 weeks prior to transplantation and passaged at least once, but no more than five times, prior to transplantation ( Fig. S1 ). NSCs with constitutive green fluorescent protein (GFP) labeling (NSC-GFP) were generated from C57BL/6-Tg(UBC-GFP)30Scha/J) mice. Shh CreERT2 ;R26mT/mG mice were used to generate NSC-Shh cells. After TMX administration, cells with constitutive mT labeling convert to mG labeling if the Shh promoter is transcriptionally active in vivo.
To quantify the number of cells in primary neurosphere cultures, an aliquot of cells was taken from a single cell suspension of NSCs following extraction from a single mouse and after each passage. The aliquot of cells was diluted 1:1 in 0.4% trypan blue (Sigma) to determine cell viability based on trypan blue exclusion. The total number of cells (live + dead cells) were quantified using a phase contrast microscope and a hemocytometer. Starting at the first passage, the growth rate of cells was determined by dividing the total number of cells at the time of passage by the number of cells plated. The growth rate was then used to determine the cumulative number of cells following each passage to generate a growth curve. Proliferation through passage eight followed a linear growth curve with log phase amplification that is characteristic of healthy stem cell self-renewal ( Fig. 1A ).
NSCs were plated at densities of 4.8 x 10 4 cells/ml for clonal analysis or 80,000 cells per coverslip and characterized as in previously published protocols [14] . Cultures were immunolabeled for markers of differentiation along the astroglial lineage (glial fibrillary acidic protein, GFAP; rabbit polyclonal, 1:100; DAKO, Carpinteria, CA), the neuronal lineage (microtubule associated protein-2, MAP-2; rabbit polyclonal, 1:200; Abcam, Cambridge, MA), and the oligodendroglial lineage O4 (mouse monoclonal, 1:10; [28] ). Secondary antibodies used were goat anti-rabbit IgG conjugated with Alexa Fluor 488 (Life Technologies,) to detect GFAP and MAP-2, and goat anti-mouse IgM conjugated with FITC (Jackson ImmunoResearch, West Grove, PA) to detect O4. Neurospheres dissociated after passage five and cultured in differentiation medium demonstrated multipotency based on differentiation into astrocytes (GFAP), neurons (MAP-2), and oligodendrocyte lineage cells (O4) (Figs. 1B, S1).
Adult NSCs isolated from mice ubiquitously expressing GFP (NSC-GFP) ( Fig. S1 ), and transplanted into naïve mice, demonstrated in vivo viability based on integration and extension of processes within the corpus callosum ( Fig. 1C ).
Lentiviral Transduction of Human non-NSCs
Lentiviral transduction was used to generate human embryonic kidney 293 (HEK293) cells expressing tdTomato (HEK-Tom). The pLVX-IRES-tdTomato vector (Clontech Laboratories, Mountain View, CA) was co-transfected with the viral core packaging construct PAX2 and the VSV-G envelope protein vector pCAG VSV-G into HEK293T cells (ATCC CRL-1573; Manassas, VA) to generate lentivirus for expression of tdTomato (Lenti-Tom), using previously published protocols [29] . Approximately 70% of the Lenti-Tom transduced HEK293T cells expressed the tdTomato reporter. HEK293 cells were authenticated as human by short tandem repeat profiling of an aliquot of the transfected cells using a 16 marker interspecies contamination test that resulted in > 80% match to human (IDEXX BioResearch, Columbia, MO(ATCC, Manassas, VA).
Surgical Procedures for TBI
TBI was produced in male (8-10 week old) Gli1 CreERT2 ;R26tdTomato, Shh CreERT2 ;R26tdTomato or C57BL/6J mice, as previously detailed [16, 17] . Briefly, an Impact One™ Stereotaxic Impactor device was aligned with a 3-mm flat tip to impact the skull at bregma using settings of 1.5 mm depth, 4.0 m/s velocity (video recorded as 4.7 m/s) and 100ms dwell time. These parameters have been shown to produce pathology in the corpus callosum with axon damage, astrogliosis, and microglial activation, similar to our previously characterized results [18] . Mice were excluded if the impact resulted in apnea > 30 seconds or depressed fracture. Post-surgical data was recorded to characterize the injury across mouse lines. The righting reflex was significantly increased after TBI, compared to sham, in C57BL/6J mice (sham 0.56 ± 0.12, n = 5; TBI 5.2 ± 0.58, n = 5; p < 0.0001), Shh CreERT2 ;R26tdTomato mice (sham 1.90 ± 0.60, n = 5; TBI 7.20 ± 1.91, n = 10; p = 0.0101), and Gli1 CreERT2 ;R26tdTomato (sham 2.11 ± 0.31, n = 9; TBI 5.43 ± 0.719, n = 8; p = 0.0004). The righting reflex after TBI was not affected by the genetic background of these mouse lines (p = 0.3666). Surgical data includes only mice used for quantitative analysis in subsequent experiments. Fractures on the skull or contusions on the surface of the brain were not observed at the time of dissection. Sham surgery included anesthesia and scalp incision. After surgery, mice were randomly selected for vehicle or cell transplantation.
Two weeks prior to HEK-Tom cell transplantation, a cohort of mice received a controlled cortical impact (CCI). The CCI model of TBI was used to examine a more invasive injury with focal gray matter damage and blood-brain barrier disruption, as previously detailed [17] . Briefly, in male (8-10 week old) Gli1 CreERT2 ;R26YFP or C57BL/6J mice, a craniotomy was performed to expose the dura mater. An Impact One™ Stereotaxic Impactor device (Leica Biosystems; Buffalo Grove, IL) was used to impact the dura mater of the cerebral cortex of the right hemisphere (0 bregma; 1.5 mm lateral). Settings used were 2 mm tip diameter, 1 mm depth, 1.5 m/s velocity, and 100 ms dwell time. Mice used for CCI were Gli1 CreERT2 ;R26YFP (sham n = 1; CCI n = 3).
Cell Transplantation into the Lateral Ventricle
Host mice for transplantation experiments were C57BL/6J, Shh CreERT2 ;R26tdTomato, Gli1 CreERT2 ;R26tdTomato, or Gli1 CreERT2 ;R26YFP. Briefly, a burr hole of approximately 1.0 mm diameter was drilled into the skull, unless a craniotomy for CCI was previously performed. A 10 µl Hamilton gas tight syringe (Cat# 7653-01; Hamilton Company, Reno, NV) with compression fitting adapters (Cat# 55750-01; Hamilton Company) and a pulled glass micropipette (outer diameter 50 µm) was used to microinject 2 µl of cell suspension (2.5 X 10 4 cell/ul) or F12/DMEM vehicle (ThermoFisher) into the lateral ventricle (1.0 mm to the right of bregma and -1.75 mm deep). Transplanted cells were either NSC-GFP cells, NSC-Shh cells or HEK-Tom cells.
Immunohistochemistry in Tissue Sections
Mice were perfused with 3% paraformaldehyde and brains were processed as in previously published protocols ( [17] . Immunohistochemistry was performed to detect astrocytes expressing GFAP (rabbit polyclonal, 1:1000; DAKO), microglia/macrophage with CD11b (rat monoclonal, 1:100; AbCam,), or T-lymphocytes with the pan T-cell marker CD3 (rabbit polyclonal, 1:2000; DAKO,). Neurons were immunolabeled with neuronal nuclei marker NeuN (mouse monoclonal, 1:100; Sigma). Axons were identified by localization of neurofilaments (rabbit polyclonal neurofilament H; 1:500; Encor Biotechnology, Gainesville, FL).
Immunolabeling of nonphosphorylated neurofilaments (mouse monoclonal SMI-32; 1:1000;
Covance, Gaithersburg, MD) was used to detect damaged axons [30] . YFP reporter expression was detected with an antibody against GFP (rabbit polyclonal, 1:1000; Life Technologies). In Gli1 CreERT2 ;R26tdTomato or Gli1 CreERT2 ;R26YFP mice, goat anti-rabbit IgG conjugated with Alexa Fluor 488 (Life Technologies) was used to detect GFAP, CD3 or YFP, and goat anti-rat IgG conjugated with Alexa Fluor 488 (Life Technologies) was used to detect CD11b. In C57BL/6J or Gli1 CreERT2 ;R26tdTomato mice, goat anti-rat IgG conjugated with Alexa Fluor 555 (Life Technologies) was used to detect CD11b or donkey anti-rabbit IgG conjugated to Cy3 (Jackson Immunoresearch) was used to detect GFAP. Sections were counterstained with 4′,6′diamidino-2-phenylindole (DAPI; Sigma) then mounted with Vectashield (Vector Laboratories).
Quantification and Statistical Analysis
The number of mice used from each line is noted with the TBI surgical methods.
Conditions were randomly assigned within each mouse cohort. All quantification was performed blinded to injury (TBI/sham) and transplantation (cells/vehicle) procedures. All tissue analysis was performed in coronal brain tissue sections. Analyses of the corpus callosum or SVZ used at least three sections per mouse distributed between approximately + 0.3 mm to -0.2 mm relative to bregma. Analyses of NSC-Shh cells within the lateral and third ventricles used sections from between approximately -0.0 mm to -1.6 mm relative to bregma, which were sampled at least every 300 m to reach a minimum of 50 NSC-Shh cells counted in each mouse. Images were collected using Spot RT3 digital camera (Diagnostic Instruments, Sterling Heights, MI). Spot
Advanced software was used to measure the area of the corpus callosum and SVZ, as previously described [16, 17] . The area of GFAP or CD11b immunolabeling in the corpus callosum was quantified using Metamorph software (Molecular Devices, Downingtown, PA) to threshold pixels with intensities above background levels as previously detailed [16, 18] . CD11b cells within the corpus callosum were also counted individually to differentiate activation stage as resting (fine processes), activated (hypertrophic with thickened processes), or ameboid (retracted processes) as previously characterized [16] . Prism 6.0 (GraphPad Software) was used for graphing and statistical analysis. Two-way analysis of variance (ANOVA) was performed to determine significant differences between NSC transplanted and vehicle injected cohorts across naïve, sham, and/or injured conditions. Significant differences between the righting response in sham and TBI cohorts of a single genotype were determined using the two tailed unpaired t-test, while one way ANOVA was used to compare TBI conditions across the three genotypes. Values shown are mean ± SEM.
Statistical significance was determined as p < 0.05.
RESULTS

Induced Genetic In Vivo Labeling of Host Cells Expressing Shh
An impact model of TBI was used that produces axon damage in the corpus callosum, primarily above the lateral ventricles [16] [17] [18] . This injury localization facilitates analysis of potential effects from NSC cells transplanted into the adjacent ventricle in subsequent experiments. We first examined Shh expression following TBI using TMX administration to induce genetic labeling of cells actively transcribing Shh in vivo based on expression of the tdTomato reporter (Shh-Tom) in Shh CreERT2 ;R26tdTomato mice ( Fig. 2A, B ). In both TBI and sham mice, TMX administered after surgery induced Shh-Tom labeling predominantly in neuronal cell bodies, axons, and processes based on morphology and immunolabeling for NeuN (Figs. 2C-I, S2). Shh-Tom neurons were distributed as previously characterized in adult mouse brain [31, 32] . Shh-Tom neurons were present in the striatum, adjacent to the SVZ and extending processes to the SVZ (Fig. 2C) , and in the cerebral cortex, including regions under the site of impact ( Fig. 2D , E). Astrocytes, identified by expression of GFAP, did not co-label for Shh-Tom in the cortex (2D, E) or in the corpus callosum, even after TBI in regions with reactive astrocytes ( Fig. 2F, G) . Indeed, Shh-Tom labeling of cell bodies was very rarely observed in the corpus callosum. Shh-Tom labeled axons could be followed traversing the corpus callosum in both sham (F, H) and TBI (G, I) mice. Rare evidence of damage, i.e. swelling and beading, in Shh-Tom labeled axons was observed only after TBI (Fig. 2I ). These findings indicate that TBI does not stimulate Shh synthesis in reactive astrocytes and that the overall pattern of cells expressing Shh is similar between sham and TBI mice.
We next explored the potential for NSC transplantation to stimulate Shh signaling after TBI. Shh CreERT2 ;R26tdTomato host mice had TBI or sham surgery and 2 weeks later received NSC-GFP cell transplant, or a vehicle injection, followed by perfusion for tissue analysis at 4 weeks post-TBI or sham surgery (Fig. 3A, B ). Shh-Tom labeling near the lateral ventricles was similar to the labeling observed at two weeks after sham or TBI surgery ( Fig. 2C, 3C, S2B ).
Primarily, Shh-Tom labeling was observed in cells with neuronal morphology, including cells in the striatum near the SVZ and axons extending toward the ventricle from septal regions ( Fig.   3C ). Shh-Tom labeling was not altered by the close proximity of transplanted NSC-GFP cells ( Fig. 3D-H ). Furthermore, with and without NSC-GFP transplantation, Shh-Tom labeling of axons appeared similar even in the corpus callosum and cingulum, which are regions with axon damage in this TBI model ( Fig. S3 ). Finally, near the injection tract, reactive astrocytes did not exhibit Shh-Tom labeling (data not shown). Overall, neither TBI nor NSC-GFP transplantation markedly changed the pattern of host cells expressing Shh.
Induced Genetic In Vivo Labeling Demonstrates NSCs Express Shh After Transplantation
NSCs have been shown to synthesize Shh following in vitro differentiation [11] .
Therefore, we examined the potential for NSCs to express Shh after transplantation. SVZ NSCs were cultured from Shh CreERT2 ;R26mT/mG mice (NSC-Shh cells) to be able to detect transplanted NSCs with and without Shh expression in vivo. In NSC-Shh cells actively transcribing Shh, TMX administration induces a switch of membrane labeling from tdTomato (red) to GFP (green).
Overlap appears as yellow in cells that had pre-existing membranes labeled by tdTomato and then have begun to express GFP. Two weeks post-TBI or sham surgery, NSC-Shh cells were transplanted into the lateral ventricle of C57BL/6J mice and TMX was delivered on days 2 and 3 after transplantation ( Fig. 4A, B 
Analysis of NSC Transplantation on Shh Signaling in Host SVZ Cells
Shh signaling regulates NSC maintenance in the SVZ of adult mice [10, 21] . Therefore, we next examined whether NSCs transplanted into the lateral ventricle would increase Shh signaling in endogenous cells in the adjacent SVZ after TBI ( Fig. 5A-C) . NSC-GFP cells (Fig.   S1 ) were transplanted into Gli1 CreERT2 ; R26tdTomato mice. TMX was administered on days 2 and 3 post-transplantation to detect changes in the population of endogenous cells responding to Shh signaling, based on induced genetic labeling with tdTomato (Glil-Tom). Within the lateral ventricle, NSC-GFP cells were typically adhered to the walls of the ventricle and nestled within the choroid plexus (Figs. 5, S4). In comparison with naïve mice (Fig. 5D ), the endogenous Gli1-Tom population in the SVZ was not altered by the microinjection technique or NSC-GFP transplantation in either sham mice ( Fig. 5E ) or after TBI (Fig. 5F ). The overall pattern of Gli1-Tom labeling in the areas adjacent to the lateral ventricles was also similar across conditions after vehicle or NSC-GFP injection (Fig. S4 ). In addition to the SVZ, Gli1-Tom labeling was observed in distributed cells in the choroid plexus within the lateral ventricles ( Figs. 5, S4 ). Gli1-Tom cells were only very rarely observed in the corpus callosum, even after TBI (Figs. 5, S4).
Analysis of NSC Transplantation on Neuroinflammation and Shh Signaling in the Corpus
Callosum
We next evaluated the effect of NSC transplantation on TBI-induced pathology (Fig. 6 ).
This TBI model produces well characterized axonal damage and neuroinflammation in the corpus callosum [16, 18] . As shown in these prior studies, axon damage at longer times points after injury may not be adequately quantified based on -amyloid precursor protein accumulation. Therefore, axon damage was detected using SMI-32 antibody, which recognizes non-phosphorylated neurofilaments [30] . Analysis of damaged axons focused on the cingulum, under the impact site, to image axons in cross-section for more accurate quantification ( Fig. 6B-D ). This analysis was performed using the Gli1 CreERT2 ;R26tdTomato as analyzed in Fig. 5 . TBI significantly increased axon damage when compared to sham mice. However, NSC transplantation did not have a significant effect on reducing axon damage.
Shh signaling may also modulate neuroinflammation, i.e. astrocyte and microglial reactivity, in the corpus callosum, as has been reported after experimental demyelination [13] .
Therefore, we examined the potential for transplanted NSC-GFP cells to attenuate TBI-induced neuroinflammation in the corpus callosum adjacent to the lateral ventricles ( Fig. 6E-J) . TBI resulted in astrogliosis and macrophage/microglia activation in the corpus callosum that persisted at 4 weeks post-TBI ( Fig. 6F, G) , as compared to sham mice (Fig. 6E ). Quantification of GFAP immunoreactivity showed an increase in astrocyte reactivity after TBI that was significantly reduced by NSC-GFP transplantation (Fig. 6H ). Quantification of CD11b immunoreactivity also demonstrated increased activation of microglia/macrophages after TBI that was significantly reduced by NSC-GFP transplantation (Fig. 6I ). Furthermore, CD11b immunolabeled cells with an activated morphology (hypertrophic processes) were also increased after TBI and reduced by NSC-GFP transplantation (Fig. 6J ). These results demonstrate that NSC-GFP transplantation suppressed white matter neuroinflammation induced by TBI ( Fig. 6H-J) .
Only very rare Gli1-Tom labeled cells were detected in the corpus callosum of these Gli1 CreERT2 ;R26tdTomato mice ( Fig. 5D-I) . This result demonstrates that the TBI pathology did not activate canonical Shh signaling in reactive astrocytes or microglia. Furthermore, the immunomodulatory effect observed from NSC transplantation is likely mediated through pathways that do not activate canonical Shh signaling.
Activation of Shh Responsive Cells in Host SVZ After Invasive Brain Injury and HEK Cell Transplantation
To more accurately interpret the lack of changes in Gli1-Tom labeling among endogenous cells after TBI and/or NSC transplantation, a further set of experiments was designed as a positive control to elicit induced genetic in vivo labeling of Shh responsive cells in the SVZ. Shh signaling has been shown to increase after invasive injury, which involves a robust neuroinflammatory response [17, 33] . Therefore, we predicted that a strong immune rejection response would be observed after transplantation of HEK cells, which are human non-NSC cells.
And, using controlled cortical impact (CCI), which is a more invasive form of TBI, would be more permissive to an immune response due to cortical tissue damage and breakdown of the blood-brain barrier. At 2 weeks after CCI, HEK cells expressing the tdTomato reporter (HEK-Tom cells) were transplanted into Gli1 CreERT2 :R26YFP mice (Fig. 7A ). Mice were administered TMX on days 2 and 3 after the HEK-Tom cell transplantation. Immunohistochemistry for CD3, a pan T-cell marker, showed T-lymphocyte infiltration in regions surrounding HEK-Tom cells as early as 1 week following transplantation (Fig. 7B ). This immune reaction to HEK-Tom cells did not require significant tissue damage, since it is present in sham mice that only received a craniotomy ( Fig. 7B ). CCI resulted in mainly astrogliosis in the corpus callosum without marked changes in the SVZ for GFAP, CDllb, or lymphocyte infiltration ( Fig. 7C-E) . At 2 weeks posttransplantation, HEK-Tom cells induced a robust, localized reaction in astrocytes (Fig. 7F) , macrophages/microglia cells (G), and T-lymphocytes ( Fig. 7H) . Finally, increased Gli1-YFP labeling was observed in the SVZ adjacent to HEK-Tom cells (Fig. 7I, J) . Thus, the robust immune rejection response to human cells activated Shh signaling in endogenous cells in the adjacent regions of the SVZ. Transgenic mouse reporter lines were used to monitor in vivo activation of the Shh pathway as a candidate mechanism for transplanted NSC regulation of neuroinflammation as well as neuroregeneration from endogenous stem and progenitor cell populations. Genetic labeling of cells transcribing Shh identified neurons as the predominant source of the Shh ligand in the host tissues, which is consistent with prior reports of Shh expression [9, [32] [33] [34] . Shh labeling was not noticeably altered by TBI or NSC transplantation. TBI did not induce Shh expression in reactive astrocytes, activated microglia, or other cells within the corpus callosum.
Using NSCs isolated from transgenic reporter mice, we showed that a subset of transplanted NSCs expressed Shh in vivo. Interestingly, Shh expression was suppressed in NSCs after TBI, but only among cells in the lateral ventricle region, indicating a specific NSC response based on proximity to the injury. In complementary studies, transgenic reporter mice were used as hosts with genetic labeling of cells transcribing Gli1, which is a readout of an active signaling through the canonical Shh pathway. Endogenous cells in the host SVZ exhibited robust Gli1 labeling. However, NSC transplantation did not activate Gli1 expression in either the SVZ or in the corpus callosum.
White matter tracts adjacent to the lateral ventricles have been shown to benefit from the effects of intraventricular cell transplantation in experimental models of multiple sclerosis.
Neural stem/precursor cell intraventricular transplantation promoted remyelination in experimental autoimmune encephalomyelitis, which produces focal demyelinating lesions in multiple sites throughout the brain and spinal cord [35] . Intraventricular transplantation of syngeneic NSCs reduced astroglial scarring, which may be mediated through down-regulation of factors in the lesion environment that drive reactive astrogliosis, such as fibroblast growth factor [35] . Other studies in this model also showed that neural stem/precursor cells transplanted into the ventricle acted through an anti-inflammatory mechanism to reduce both the innate and adaptive immune response [36] . The use of syngeneic NSCs in these reports, as in the current studies, indicates that immunosuppression is an effect of adult NSC characteristics and is not likely due to factors associated with a general rejection response to the transplanted cells. Using the cuprizone model of corpus callosum demyelination, intraventricular transplantation of NSCs isolated from newborn mice was shown to promote endogenous cell remyelination, which may be mediated through NSC secretion of platelet-derived growth factor and fibroblast growth factor Transplanted HEK cells, but not NSCs, also disrupted the normal expression of syndecan-1 in the choroid plexus (data not shown), which indicates HEK cells disrupt the integrity of the blood-cerebrospinal fluid barrier at the choroid plexus that normally prevents immune cell infiltration [37] . Therefore, T-lymphocytes or macrophage activation may be required to induce active Shh signaling. Breakdown of the barriers between the blood and cerebrospinal fluid or brain compartments may also contribute. Consistent with this interpretation, apoptotic/stimulated T-lymphocytes have been reported to release microvesicles containing Shh [38] . In addition, Shh signaling may regulate the integrity of the blood-brain barrier in that inflammation stimulates increased Shh immunolabeling of astrocytes that interact with Gli1 expressing endothelial cells [39] . Overall, our current observations are consistent with previous studies that proposed blood-brain barrier disruption may be required to stimulate Shh signaling in the adult brain, while astrogliosis alone is not sufficient [25, 33] . However, it is not clear yet how Gli1 activation may be influenced by blood-brain barrier disruption. Gli1 genetic labeling in astrocytes was reduced in lesion areas of the cerebral cortex when TMX was administered after TBI from controlled cortical impact, which results in bleeding from vascular injury [17] .
Prior studies from our lab and others have reported a lack of Gli1 expression in the corpus callosum of naïve adult mice and after TBI [9, 17] . Gli1 genetic labeling of cells in the corpus callosum was not observed even after microinjection of a Shh pathway agonist into the corpus callosum in naïve adult mice [17] . Indeed, recent studies showed that inhibition of Gli1 may be required for NSCs to be recruited from the SVZ to demyelinated lesions and to subsequently differentiate into oligodendrocytes [40] . This interpretation is also consistent with our prior study showing early transient down regulation of Gli1 in vivo labeling in the SVZ in a model of TBI that produces axon damage and demyelination in the corpus callosum [17, 18] . In contrast, studies that used in situ hybridization to detect Gli1 expression reported an increase of Gli1 transcripts in corpus callosum lesions after experimental demyelination [13] . The conflicting results could be due to differences in the approaches used to detect Gli1, but also to differences in the inflammatory signals and blood-brain barrier integrity associated with the different pathologies. In addition, although the Gli1 genetic labeling approach used in the current study is a specific indicator of active in vivo signaling through the canonical Shh pathway, Shh can also act through non-canonical mechanisms that do not require Gli1 activation [41, 42] .
CONCLUSIONS
These studies demonstrate that adult NSCs transplanted into the lateral ventricle remain within the lateral and third ventricles for at least two weeks and significantly reduce neuroinflammation in the corpus callosum. These findings are consistent with potential applications for the diffuse white matter injury experienced in TBI. We report that NSC transplantation significantly reduces reactive astrogliosis and microglial/macrophage activation in the corpus callosum after TBI. These studies are also the first to investigate the potential for transplanted NSCs to act through Shh signaling using induced genetic in vivo labeling. This genetic approach demonstrated Shh ligand expression in vivo in a subset of transplanted NSCs, which was suppressed by TBI. A robust Gli1 response to Shh signaling in endogenous cells of the host SVZ was observed in adult mice. However, NSC transplantation did not stimulate Shhmediated activation of a regenerative response in the host SVZ. And, NSC reduction of neuroinflammation in the corpus callosum after TBI did not involve Shh signaling through Gli1.
Further studies are warranted to better understand the therapeutic potential of transplanted NSCs for suppressing neuroinflammation. Such studies would need to extend to severe forms of TBI and at later time points after injury that will be important for clinical translation and evaluation of the risk-benefit of cell transplantation as a therapeutic intervention. Figure S4 
